Introduction
thymidine kinase cassette for negative selection (27, 28) . CCE embryonic stem Alkylating agents such as N-nitroso compounds can modify (ES) cells were electroporated, and colonies doubly resistant to G418 and gancyclovir were selected (29, 30) . The presence of only one copy of the cellular DNA and induce mutations and cancers. Dimethylnitromutated gene in the ES clones was confirmed by Southern blot hybridization. samine (DMNA*) is one of the environmental carcinogens Chimeras were produced by microinjecting these ES cells into 3.5-day-old (1, 2) and produces a monofunctional alkylating agent through C57BL6/J blastocysts and transplanting the embryos into the uteri of Jcl:MCH cellular metabolic processes (3, 4) . When DMNA is adminis-(ICR) pseudopregnant females. Chimeric males were tested for germ-line tered to laboratory animals, tumors occur mostly in liver and transmission of the agouti coat phenotype of 129Sv-derived ES cells. By Southern blot hybridization, heterozygous F1 mice, MGMT ϩ/-, were identified lungs. Among DNA adducts generated by DMNA, and pairs were crossed to acquire homozygous F2 mice, MGMT -/-. The O 6 -methylguanine is one of the major products and has the mutant F2 MGMT -/-mice were further checked by various means for the potential to induce mutations and tumors (5, 6) . O 6 -Methylguanabsence of methyltransferase protein (25) . F2 homozygous mice in both wildine can pair with thymine as well as cytosine during DNA type and mutant groups were crossed within the groups, and the F3 mice generated were used in these experiments.
replication, leading to G:C to A:T transition (7, 8 there is a malignant transformation of the cell. It has been of wild-type and mutant F3 2-week-old mice were subjected to SDSdemonstrated that in tumors of mice induced by DMNA and polyacrylamide gel electrophoresis followed by electrotransfer to nitrocellulose methylnitrosourea (MNU), G:C to A:T transitions in the membrane (BA-85, Schleicher and Schuell). The membrane was blocked in K-ras gene are frequent (9-13).
5% bovine serum albumin and 0.05% Tween 20 in buffered saline (10 mM To prevent such a deleterious outcome, organisms have a Tris-HCl, pH 7.5, 0.9% NaCl) at 52°C for 1 h and incubated with anti-mouse antibody against the N-terminal region of methyltransferase at 4°C for 12 h. specific DNA repair enzyme, O 6 -methylguanine-DNA methylAfter a rinse in Tris-buffered saline, the membrane was incubated with transferase (E.C. 2.1.1.63; methyltransferase), which transfers 0.5 µCi/ml of 125 I-labeled protein A on ice for 1 h, followed by washing in methyl groups from both O 6 -methylguanine and O 4 -methyl-RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% thymine moieties in alkylated DNA to its own molecule, sodium deoxycholate, 0.1% SDS). Radioactivity was measured in a Fujix BAS2000 Bio-image analyzer and signal intensity was measured.
thereby repairing the DNA lesions, in a single-step reaction DMNA administration F3 Mice that were 13 or 14 days old were given an i.p. injection of DMNA. *Abbreviations: DMNA, dimethylnitrosamine; MNU, methylnitrosourea; PBS, phosphate-buffered saline; ES, embryonic stem; i.p., intraperitoneal.
DMNA (Tokyo Kasei, Tokyo, Japan) was diluted with phosphate-buffered than in female mice when DMNA was used as a carcinogen DMNA died (Table II) , but the cause of death in these mice 33.7 was not clarified.
Tumor formation after DMNA administration F 49.6 77.4 56.5
All mice were necropsied 9 months after the i.p. injection of 42.5 PBS or DMNA, and multiple tumors in liver and lungs were grossly observed. Tumor nodules were scored and histologi- 1.9 cally investigated, as described under Materials and methods.
Most lung tumors were histologically adenoma, except for one
case of adenocarcinoma, which formed in a PBS-administered mutant female mouse. All liver tumors, other than hemangioma
formed in one wild-type female mouse and malignant hemangi- were detected histologically, were also scored.
Histological findings showed that a number of malignant average number of malignant liver tumors per mouse were Group differences were assessed for statistical significance, using Fisher's exact test (two-tailed) or the Mann-Whitney test.
examined, MGMT -/-mice, especially female mice, had a larger number of malignant liver tumors (Table II) .
Results Discussion Design and execution of carcinogenesis experiments
All the parent mice (F2) and the littermate mice (F3) were
To prevent mutations and cancers, organisms are equipped with multi-step defense mechanisms, including DNA repair examined by Southern blots to confirm genotypes (data not shown). Several F3 mice around 2 weeks of age (three male systems, apoptotic cell death, and immune systems. Indeed, MSH2-or PMS2-deficient mice, in which one of the mismatch and three female mice each of wild-type and mutant mice) were examined for the presence of methyltransferase protein repair enzymes is missing, and p53-deficient mice, in which appropriate apoptotic cell death is disturbed, tumors frequently in the livers, using Western blotting (Table I) . Practically none of this protein was detected in the tissues of mutant mice occur during early life (34) (35) (36) (37) (38) (39) (40) . O 6 -Methylguanine-DNA methyltransferase is an enzyme while large amounts of this protein were found in wild-type mice. There was no significant difference in this regard between that specifically repairs O 6 -methylguanine and O 4 -methylthymine in DNA damaged by alkylating agents. To establish the male and female mice.
In the present study, the suckling F3 mice around 2 weeks role of methyltransferase in alkylation mutagenesis as well as tumorigenesis, we and others constructed transgenic mice of age were given an i.p. injection of either PBS or DMNA. It has been shown that more liver tumors were formed in male carrying extra copies of foreign methyltransferase genes. In methyltransferase increase in tissues, the susceptibility to carcinogens is limited. Experiments involving transgenic mice, however, require relatively high doses of alkylating agent and results are interpreted based on the existence of the basal level of enzyme activity, present in both transgenic and control mice. To examine the effects of very low levels of alkylating agents, it is necessary to use mice with defects in their own methyltransferase genes. Lijinsky et al. (41) . reported on a system that reduces methyltransferase activity, transiently to zero, applying O 6 -benzylguanine to rats, but no obvious protective effect of methyltransferase for carcinogenesis was described. With this in mind, we carried out targeted disruption of the methyltransferase gene in mouse embryonic stem cell lines. ES cells in which both alleles were disrupted (MGMT -/-), contained no methyltransferase protein while cells with one intact allele (MGMT ϩ/-) contained about half the amount of protein carried by the parental MGMT ϩ/ϩ cells. MGMT -/-cells exhibited an extremely high degree of sensitivity to simple alkylating agents whereas MGMT ϩ/-cells were slightly more sensitive to these agents, as compared with findings with normal cells (26) . Using these ES cells, we established mouse lines totally deficient in methyltransferase activity. Such mice were extraordinarily sensitive to alkylating carcinogens (25) .
The present study was undertaken, using methyltransferasedeficient mouse lines, in attempts to establish the role of the methyltransferase in alkylation-induced carcinogenesis. We selected DMNA as the agent since this is a well-known hepatocarcinogen as well as a pulmonary carcinogen (3) (4) (5) (6) . Higher doses of DMNA are required for female mice to obtain the same levels of response attained by male mice (23). DMNA is converted into an activated form through the action of p450IIE1 (42, 43) , but it is uncertain whether levels of the p450 enzyme are directly related to tumor formation. It has been suggested that high responsiveness of male mice to carcinogenic events may be related to levels of male hor- Regardless of the cause, female mice are more refractory to the action of DMNA, thus different doses of the carcinogen were given to our male and female groups of mice. As a result, statistically significant differences between wild-type these mice with increasing levels of methyltransferase in their and mutant mice were observed in female mice given DMNA tissues, pronounced protective effects on tumor formation by alkylating agents were observed (22) (23) (24) in MGMT -/-mice not given treatment.
